We aimed to estimate the proportions of colorectal cancer cases that might be prevented by sigmoidoscopy compared with colonoscopy among women and men. In a populationbased case control study conducted in Germany, 540 cases with a first diagnosis of primary colorectal cancer and 614 controls matched for age, sex, and county of residence were recruited. A detailed lifetime history of endoscopic examinations of the large bowel was obtained by standardized personal interviews, validated by medical records, and compared between cases and controls, paying particular attention to location of colorectal cancer and sex differences. Overall, 39%, 77%, and 64% of proximal, distal, and total colorectal cancer cases were estimated to be preventable by colonoscopy. The estimated proportion of total colorectal cancer cases preventable by sigmoidoscopy was 45% among both women and men, assuming that sigmoidoscopy reaches the junction of the descending and sigmoid colon only and findings of distal polyps are not followed by colonoscopy. Assuming that sigmoidoscopy reaches the splenic flexure and colonoscopy is done after detection of distal polyps, estimated proportions of total colorectal cancer preventable by sigmoidoscopy increase to 50% and 55% (73% and 91% of total colorectal cancer preventable by primary colonoscopy) among women and men, respectively. We conclude that colonoscopy provides strong protection against colorectal cancer among both women and men. The proportion of this protection achieved by sigmoidoscopy with follow-up colonoscopy in case of distal polyps may be larger than anticipated. Among men, this regimen may be almost as effective as colonoscopy, at least at previous performance levels of colonoscopy. (Cancer Epidemiol Biomarkers Prev 2007;16(3):494 -9) 
Introduction
With more than 1 million new cases and more than 500,000 deaths yearly, colorectal cancer is the third most common cancer and the fourth most common cancer cause of death globally (1) . Due to its typically slow development, there is a large potential to reduce the burden of the disease by early detection and removal of precancerous lesions or early cancer stages. Endoscopic screening examinations seem to have a particularly large potential to reduce colorectal cancer incidence and mortality by early detection (and removal) of colorectal adenomas and carcinomas. However, there is ongoing debate on the endoscopic examination best suited for screening purposes (2) . In particular, while there seems to be consensus that screening by both sigmoidoscopy and colonoscopy are cost effective, results concerning relative effectiveness and cost effectiveness of sigmoidoscopy compared with colonoscopy have not been consistent (3) .
An assumption that was explicitly or implicitly made in most pertinent previous analyses was that colonoscopy with polypectomy was equally effective for the reduction of proximal and distal colorectal cancer. However, risk reduction might be different for both locations of colorectal cancer for several reasons, including incompleteness of colonoscopy (4) or suggested differences in mechanisms of tumorigenesis (5) (6) (7) .
Furthermore, recent studies have suggested that the diagnostic yield of sigmoidoscopy, and hence the potential for colorectal cancer prevention, might substantially vary between women and men (8, 9) . We aimed to estimate the proportions of colorectal cancer that could be prevented by sigmoidoscopy or colonoscopy among women and men based on detailed sexspecific estimates of risk reduction of proximal and distal colorectal cancer by colonoscopy from a large populationbased case control study.
Materials and Methods
Study Design and Study Population. We conducted a population-based case-control study in the Rhine-Neckar region located in the southwest of Germany and covering a population of f2 million people. Details of the study design have been reported elsewhere (10, 11) . Briefly, patients with a first diagnosis of invasive primary colorectal cancer ages 30 years or older between January 2003 and June 2004 were eligible for recruitment. To avoid potential bias due to higher detection rates of asymptomatic colorectal cancer among people undergoing screening, only patients whose cancer was detected due to symptoms or incidentally (rather than by screening) were included in this analysis (additional sensitivity analyses also including patients whose cancer was detected by screening yielded similar results). All of the 22 hospitals in the study area where patients with colorectal cancer were treated were involved in recruitment. Community-based control subjects, matched with respect to age, sex, and county of residence, were randomly selected from population registers.
Data Collection. Patients were informed about the study by the physicians in charge of their treatment, in most cases during hospital stay a few days after surgery. Personal interviews were conducted by trained interviewers during hospitalization or, if patients had already left hospital, at their homes. The standardized interviews included a detailed medical and family history, as well as a lifetime history of sociodemographic and lifestyle factors. Controls were contacted by the study center through mail and follow-up calls, and interviews were scheduled at their homes. In addition, blood samples were taken from both cases and controls.
Information on previous endoscopic examinations of the large bowel was obtained in detail during the interview. We excluded cases with endoscopic examinations <1 year ago to avoid consideration of endoscopies that might have been conducted during the diagnostic process leading to the current cancer diagnosis. To ensure comparability, controls with an endoscopic examination during the last 12 months were also excluded We also carried out additional sensitivity analyses, including cases and controls with a previous endoscopy <1 year ago, which yielded very similar results.
Whenever a previous endoscopy was reported by cases or controls, we sought to validate this information by pertinent medical records from participants' physicians. Medical records could be obtained for 80% and 89% of examinations reported by cases and controls, respectively, within the preceding 10 years (the time frame during which medical records have to be archived in Germany). The majority of these endoscopies were colonoscopies according to both self-reports (86%) and endoscopy reports (88%), and both data sources agreed about the type of endoscopy in 83% of examinations. Medical records were used for classification where available, otherwise self-reports were used.
Statistical Analysis. The statistical analysis was carried out using the SAS statistical software system, version 8.2. We first described cases and controls according to age and sex, and we assessed the distribution of the location of colorectal cancer among cases. Next, we assessed the risk of proximal, distal, and total colorectal cancer according to history of colonoscopy, using subjects without any previous endoscopy as the reference group. Relative risks [approximated by odds ratios (OR)] and their 95% confidence intervals (95% CI) for the association between history of colonoscopy and colorectal cancer risk were estimated from multiple logistic regression models, adjusting for the matching factors age and sex, as well as the following factors, which are known or have been suggested to be related to risk of colorectal cancer: level of school education (categories: V9, 10-11, and 12+ years), history of colorectal cancer among a first-degree relative, smoking (never, ever, and current), ever regular use (at least once monthly for at least 1 year) of nonsteroidal anti-inflammatory drugs, any hormone therapy, and body mass index (categories: <20, 20-24.9, 25-29.9, and 30+ kg/m 2 ). To avoid confounding by general health behavior, we additionally controlled for participation in a general health screening examination, offered to adults ages 36 years and older every 2 years in the German health care system (categories: ever and never).
Due to the small numbers of subjects with a previous sigmoidoscopy, the effect of sigmoidoscopy was not estimated directly by estimating the risk of these subjects compared with subjects without previous endoscopy. Rather, estimates were based on the proportions of proximal and distal colorectal cancer cases and on estimates of risk reduction of proximal and distal colorectal cancer by colonoscopy as outlined in the Appendix. In a first conservative approach, it was assumed that sigmoidoscopy would only prevent distal colorectal cancer by detection and removal of distal polyps. However, detection of distal polyps often prompts subsequent examination of the entire colon by colonoscopy. In a second approach, we therefore also considered the proportion of proximal cancer prevented by follow-up colonoscopies (for details, see Appendix A).
In the main analysis presented in this article, distal colon was conservatively defined as sigmoid colon or rectum because >50% of flexible sigmoidoscopic examinations reach only the junction of the sigmoid and descending colon (12, 13) . Ideally, flexible sigmoidoscopy would reach the splenic flexure. Although this seems to be achieved in a minority of patients only, we carried out an additional analysis, in which distal colon was alternatively defined as rectum, sigmoid colon, or descending colon, to estimate the proportions of colorectal cancer that might be prevented by flexible sigmoidoscopy under ideal conditions. Results are presented in detail for the ''main definition'' of distal colon (sigmoid colon and rectum). All analyses were repeated using the ''alternative definition'' of distal colon (descending colon, sigmoid colon, and rectum), but, to save space, only the final results (estimates of the proportions of colorectal cancer cases that might be prevented by ''ideal'' sigmoidoscopy) are presented in detail.
Results
Overall, 540 cases and 614 controls were recruited. According to estimates from the population-based cancer registry of the nearby state of Saarland, f50% of eligible patients were recruited. The participation rate among controls was 44% (with higher proportions among younger controls and lower proportions in the oldest age groups), but an additional 25% of controls provided information on key variables, including history of endoscopic examinations of the large bowel. After exclusion of cases detected by screening (n = 108), people with history of inflammatory bowel disease (n = 1) or previous endoscopy <1 year ago (n = 44) or unknown (n = 2), or whose last endoscopy was a rectoscopy or sigmoidoscopy rather than colonoscopy (n = 48), 411 cases and 540 controls were retained for this analysis. Their age and sex distribution is shown in Table 1 . Mean age of cases and controls was 67.8 and 66.6 years, respectively, f40% of both cases and controls were 60 to 69 years old. The sample included more men than women. Due to matching, age and sex distribution was very similar among cases and controls.
Overall, f40% of cancers were located in the proximal colon, 18% were located in the sigma, and 41% were rectum cancers. The proportion of cancers located in the proximal colon was much higher (50% versus 33%), and the proportion of cancers located in the rectum was much lower (32% versus 48%) among women compared with men (P = 0.002; see Table 2 ).
A much higher proportion of controls (35.0%) than of cases (14.8%) had a previous colonoscopy, resulting in an OR of 0.32 as an estimate of relative risk among those who underwent colonoscopy after control for the matching factors age and sex. Additional control for a variety of potential confounding factors only slightly changed this estimate to 0.36 (see Table 3 ). With adjusted ORs of 0.32 and 0.39, the estimated risk reduction among those who had undergone colonoscopy was similar for women and men. However, risk reduction was much stronger for distal colorectal cancer (defined as located in the sigma or rectum) than for proximal colorectal cancer (adjusted ORs 0.23 and 0.61, respectively), and this difference was particularly pronounced for women (adjusted ORs 0.10 and 0.69, respectively; see Table 4 ).
Consequently, >70% of cancers preventable by colonoscopy (and 46% of cancers overall) were estimated to be preventable by sigmoidoscopy alone, even if sigmoidoscopy was assumed to reach the junction of the sigmoid and the descending colon only and detection of distal polyps did not prompt colonoscopy (see Table 5 ). Under this assumption, estimates were quite similar for women and for men. However, taking followup colonoscopies after detection of a distal polyp into account, it is estimated that 68% and 84% of cancers preventable by primary colonoscopy (45% and 52% of all colorectal cancer) would be preventable by primary sigmoidoscopy among women and men, respectively.
With the alternative definition of distal colon (including descending and sigmoid colon and rectum), assuming that sigmoidoscopy reaches the splenic flexure, these proportions would increase to 73% and 91% (50% and 55% of all colorectal cancers) among women and men, respectively (see Table 6 ).
Discussion
According to this large population-based study with careful validation of self-reported previous endoscopic examinations of the large bowel, about two thirds of colorectal cancer cases could be prevented by colonoscopy with removal of precancerous lesions. The vast majority of these cancers could also be prevented by primary sigmoidoscopy screening with a follow-up colonoscopy among people with distal polyps only. The relative effectiveness of sigmoidoscopy compared with colonoscopy is estimated to be 76% if sigmoidoscopy reaches the junction of the descending colon and the sigmoid colon only and 83% if sigmoidoscopy reaches the splenic flexure. The corresponding figures are even higher among men (84% and 91%, respectively).
Our estimates of the proportion of colorectal cancer that might be prevented by colonoscopy are in line with previous studies from the United States (14) , Germany (15) , and Italy (16) . An even stronger risk reduction had been observed in the United States National Polyp Study (17) . Our estimates of the proportions of colorectal cancer that might be prevented by sigmoidoscopy, in particular if followed by colonoscopy in case of distal polyps, are considerably higher than previously assumed levels. For example, Sonnenberg et al. (18) assumed that 75% of colorectal cancer cases might be prevented by a colonoscopy-based screening program with 10-year screening intervals compared with only 34% prevented cases by sigmoidoscopy-based screening with 5-year screening intervals. Frazier et al. (19) assumed the reductions of colorectal cancer incidence by a single colonoscopy or a single sigmoidoscopy at age 55 years to be f27% and 14% to 15% (latter depending on rules for follow-up colonoscopy after detection of polyps) and by colonoscopy or sigmoidoscopy repeated every 10 years to be f58% and 28% to 32%, respectively.
The much higher estimates of proportions of colorectal cancer preventable by sigmoidoscopy derived in our study result from the combination of the large proportion of colorectal cancer located in the sigma and rectum (f60%; i.e., within the reach of sigmoidoscopy) and the particularly strong risk reduction for distal colorectal cancer. Similar predominance of distal location has been reported for colorectal adenomas and colorectal carcinomas (20) . The finding of particularly strong risk reduction for distal colorectal cancer is consistent with results of previous studies (14, 15, 21, 22) , including a very large case-control study from the United States (23) .
The much stronger risk reduction for distal than for proximal cancer is the main reason for the considerably smaller difference in the effects of sigmoidoscopy and colonoscopy estimated in our study than assumed in most previous analyses of effectiveness and cost effectiveness of various screening strategies. One possible reason could be missed proximal polyps due to the incompleteness of colonoscopies. In our study, 12% of colonoscopies were recorded to be incomplete in medical charts, and completeness was not recorded in another 11% of colonoscopies. These findings may therefore explain some proportion of the large difference in risk reduction of proximal and distal colorectal cancer, suggesting a major potential for improvement in quality of colonoscopy. Nevertheless, additional factors, such as potential differences in tumor biology (5-7), might also play a role.
Clearly, colonoscopy with removal of adenomas provides the strongest protection against colorectal cancer. However, the advantage in terms of risk reduction compared with sigmoidoscopy has to be weighed against increased inconvenience, risks, and costs. The risk of perforation after colonoscopy is approximately double that after sigmoidoscopy (24) . Although estimates vary both between and within countries, costs of colonoscopy are about two to four times higher than costs of flexible sigmoidoscopy (3, 25) . If, as suggested by our analysis, its disadvantage in terms of risk reduction is much lower than commonly assumed, the relative merits of sigmoidoscopy compared with colonoscopy require careful reevaluation, which should also pay particular attention to gender-specific patterns.
Another important aspect is acceptability and feasibility of and compliance with screening examinations. Sigmoidoscopy was found to be acceptable, feasible, and safe in ongoing trials in the United Kingdom, Italy, Norway, and the United States (26) (27) (28) (29) . Acceptability and feasibility may be lower for colonoscopy, partly due to limited resources in highly qualified personnel (30) , but pertinent data are sparse. Taking likely differences in compliance into account, the proportion of colorectal cancer prevented in the total population (i.e., in screened and unscreened people) may therefore be even larger for screening with sigmoidoscopy as the primary screening tool.
In the interpretation of our study, several limitations have to be kept in mind. Only f50% of eligible patients could be recruited. As discussed in detail elsewhere (10), incomplete cases ascertainment was primarily due to work overload of physicians in charge of case notifications and is unlikely to be related to history of colonoscopy. Response rate among controls was <50% in this study, which had no upper age limit and included quite extensive data collection and drawing of a blood sample. However, data from a short questionnaire obtained from about half of nonparticipating controls yielded no indication of major distortion of history of colonoscopy among controls.
We did not distinguish between previous colonoscopies primarily conducted for screening purposes and other specific indications, such as symptoms, a positive family history or control of a positive fecal occult blood test, which may limit generalizability of our results to a primary screening setting. Because the latter indications are likely to be associated with an increased risk of colorectal cancer, risk reduction may have been underestimated to some extent, and true risk reduction by sigmoidoscopy and colonoscopy might even be somewhat greater than estimated in our study. On the other hand, risk reduction might have been overestimated if colonoscopy had more commonly been applied in more health conscious people, who have lower risk of colorectal cancer. We tried to minimize potential bias from this source by controlling for factors that might reflect or be related to health consciousness. Control for multiple potential confounders only had a minor effect on estimates of ORs, but one can never rule out residual confounding by imperfectly measured confounders or unmeasured confounders by an observational study like this one. The results of the randomized controlled trials, which are under way in Europe and the United States (26) (27) (28) (29) , will have to be awaited to obtain more definitive answers on the risk reduction that may be achieved by endoscopic screening.
Our estimates of risk reduction of distal colorectal cancer by sigmoidoscopy are actually based on data from colonoscopy. A similar approach has been taken in other studies aimed to compare the role of sigmoidoscopy and colonoscopy in colorectal cancer screening (8, 9, 31, 32) . These estimates might be slightly too optimistic assuming that sedation and more vigorous colonic lavage applied with colonoscopy might lead to more complete detection and removal of polyps. In addition, variation in qualification of endoscopists, which is likely to be as important for the effectiveness of sigmoidoscopy (33, 34) as it is for the effectiveness of colonoscopy, was not accounted for in our analyses.
Despite these limitations, our study suggests that both screening sigmoidoscopy and screening colonoscopy may strongly reduce incidence of colorectal cancer. The potential of sigmoidoscopy compared with colonoscopy may be considerably larger than commonly assumed, particularly for men, but also for women, due to the very strong risk reduction for distal colorectal cancer achieved with endoscopic screening. For men, primary screening by sigmoidoscopy, followed by colonoscopy in case of detection of distal adenomas, may be almost as effective as primary colonoscopy, at least at previously achieved performance levels of colonoscopy. Taking likely differences in compliance into account, offer of sigmoidoscopy as a primary screening tool may even have a larger effect on reduction of colorectal cancer incidence than screening by primary colonoscopy. These findings may have important implications for comparative evaluations of cost effectiveness of screening sigmoidoscopy and screening colonoscopy and for screening recommendations and implementation of screening programs.
Finally, it should be noted that our analyses refer to previously established endoscopic procedures. It is well known that some proportion of lesions are missed by endoscopy (35) . This fact should be reflected in the ORs derived in our analyses, which reflect the effect of less than perfect endoscopic examinations. Enhancements in both endoscopy technology and qualification of endoscopists may lead to higher proportions of colorectal cancer that may be prevented by colonoscopy and sigmoidoscopy in the future. In addition, advancements in virtual colonoscopy may open further avenues for effective alternative ''endoscopic'' colorectal cancer screening in the future (36). cFor numbers and proportion of controls in respective categories, see Table 3 . bAdjusted for age, sex (in analysis for both sexes combined only), education, participation in general health screening examination, family history of colorectal cancer, smoking, body mass index, ever regular use of nonsteroidal anti-inflammatory drugs, and ever regular use of hormone therapy. Table 5 . Proportions (95% CIs) of colorectal cancer cases preventable by sigmoidoscopy and by colonoscopy: main analysis (assuming that sigmoidoscopy reaches the junction of the sigmoid and descending colon)
In the first, conservative approach, the proportion of colorectal cancer prevented by sigmoidoscopy was estimated as
and the proportion of colorectal cancer prevented by colonoscopy was estimated as ð1 À RR total Þ where P distal represents the proportion of distal colorectal cancer among cases, and RR distal and RR total represent the relative risks of distal and total colorectal cancer, respectively, of people who underwent colonoscopy compared with people who did not. All three parameters were directly estimated from our case-control study as described in the main text. This approach is based on the assumption that sigmoidoscopy would only prevent distal colorectal cancer by detection and removal of distal polyps. In the second approach, taking follow-up colonoscopies after detection of distal polyps into account, the proportion of colorectal cancer prevented by sigmoidoscopy was estimated as
where P proximal and RR proximal represent the proportion of proximal colorectal cancer and the estimate of relative risk for proximal colorectal cancer of people who underwent colonoscopy compared with people who did not. These variables were again directly estimated from our case control-study. Q represents the proportion of people with advanced proximal adenomas who would receive colonoscopy as a follow-up examination after detection of distal adenomas through a primary screening sigmoidoscopy. This proportion was assumed to be 6% and 38% (8% and 45% in the alternative analyses, including the descending colon in the definition of distal colon) for women and men, respectively, based on results of studies reported from the United States (8, 9) .
To derive 95% CIs for the proportions of colorectal cancer prevented by sigmoidoscopy, bootstrap analyses of the casecontrol data were carried out. 95% CIs were derived as the range from the 2.5th to the 97.5th percentile of the point estimates obtained from 10,000 bootstrap samples. In these analyses, the parameter Q, which was obtained from external sources (8, 9) , was held constant. Additional sensitivity analyses were carried out, in which Q was varied from 0.0 to 0.30 among women and from 0.30 to 0.60 among men. This variation only had a minor effect on the estimated proportions of colorectal cancer prevented by sigmoidoscopy with follow-up colonoscopy after detection of distal polyps (estimated proportions showed an overall variation of 5% units or less in all cases), and results of sensitivity analyses are therefore not presented in detail.
